types of cancer [7] . In contaminated farmlands, heavy metals accumulate in the edible parts of crops to levels that exceed food safety standards. These metals can enter the food chain through food production and threaten the health of animals and humans [5, 6, 7, 9, 10] . Thus, the remediation of contaminated farmland soil is dramatically importantto ensure food safety and public health.
Remediation of soils contaminated with heavy metal is mainly based either on the extraction or the stabilization of the contaminants. Physico-chemical extraction techniques generally imply a high-cost degradation of soil structure, whereas stabilization techniques can improve the physico-chemical and biological properties of soils, do not generate by-products, are less expensive, and are thus more suitable for extensive remediation [11] . These techniques are generally environmentally disruptive and expensive, and they damage the soil. The phytoremediation technology has been highlighted as a potentially reliable and cost-effective alternative to extensively reclaim areas moderately contaminated with heavy metal. This technique aims to enhance the natural attenuation mechanisms in soil (sorption, precipitation, and complexation) by establishment of plants and/or amendments to render contaminants less mobile [12, 13] . This process indicates that the vegetation cover protects the soil surface against wind and water erosion, which reduces the potential for trace element leaching and run-off transport. This technique also decreases the re-entrainment of particles that can be directly inhaled or ingested [6, 11] . Plants may also facilitate the immobilization mechanisms in the rhizosphere that reduce trace element mobility. Studies on plants to stabilize heavy metal in soil have shown significantly differences in the absorption of heavy metals among varieties of the same species [10, 14, 15, 16, 17] . Selecting plant varieties with low absorption of heavy metals is important to reduce the risk of heavy metal exposure. Recent studies through worldwide have mainly focused on the use of sugarcane to remediate contaminated soil [13, 18] . Sugarcane is a poor accumulator of some metals, such as Cu, Cd, and Se. When Cd content in the soil is less than 50 mg kg -1 , the low amount accumulated in the cane juice implies that it is safe for consumption [14] . Sugarcane is also advantageous because it is perennial, and can be harvested over several years without replanting, and strongly resistant todisease. In addition, As, Pb, and Cd have been identified as the major heavy metal pollutants [18] . In the standard of contaminant limit in food, the major metal and metalloid elements are As, Pb, Cd, Cr, and Hg. Therefore, we focused on the impact of As, Pb, Cd, Cu, and Zn on sugarcane and food safety. In this study, the effectiveness of a sugarcane with low heavy-metal accumulation (assisted natural remediation) to remediate a soil that is moderately contaminated with As, Cd, Cu, Pb, and Zn was assessed by the variance of heavy metal concentration. The total concentration and available forms of the trace metals in the contaminated sugarcane soil were determined. The effects of sugarcane on the trace element availability and total concentration were investigated. In addition, the relationship between the heavy metal concentration of soil and sugarcane was established through different assessment criteria. The trace metals were evaluated to have a potential for bioaccumulation in sugarcane, and the risks to human health when consuming the sugarcane juice was assessed. Sugarcane with low-level accumulation exhibited a high tolerance for contaminated soils and restored these contaminated farmland soils. The results will be extremely useful for selection strategies to use and remediate farmland contaminated with low to moderate levels of heavy metals, which is a widespread concern across southern China.
Materials and Methods

Study Area
Our focal area was located in the subtropical county along the Huanjiang River, Guangxi Zhuang Autonomous Region. The soil pollution in this area was due to the leakage and spills from Pb and Zn tailing dams that were washed down the river-flooded farmlands on both sides of the lower river during a flood event. A total of 185 surface soil samples (0-0.20 m depth) were collected on rectangular sampling grids (11.6 km edge length) from an area of more than 1.1×10 5 km 2 in the of Guangxi province to remediate the contaminated soil with the heavy metals. The sampling points were focused on the sugarcane soil within the 107°51′-108°43′ N and 24°44′-24°33′ E grid.
Sample Preparation and Chemical Analyses
The collected soil samples were dried at 25 °C, sieved through a 2.0 mm nylon sieve to remove sand, gravel, and plant debris, and stored in plastic bags at room temperature. The dried soil samplewere finely powdered by an agate ball grinder and sieved to pass 0.15 mm nylon sieve. The powdered samples were then digested by trace metal-grade acids (9.0 mL of HNO 3 and 3.0 mL of HF) using a Mars microwave digestion system (CEM, USA) according to EPA method 3052 (US EPA 1996). After evaporating the digestion liquids to near dryness to remove HF, the residuals were redissolved with dilute HNO 3 and diluted with triple distilled water. The heavy metal concentrations in the final solutions were measured by a 7700e inductively coupled plasma-mass spectrometer (ICP-MS; Agilent, USA). The instrument was calibrated prior to each set of measurements, and 50 μg/L of Bi, In, Lu, Rh, and Tb was used as the internal standard. With respect to quality control and assurance, procedural blanks, standard reference materials (certified standard reference estuarine sediment NIST 1646a and Chinese standard reference soils GSS10, GSS11, and 10% replicates of the sample load were routinely inserted in the digestion sequence. The recovery rates for the target heavy metals in the standard reference materials were reasonably good (90%-105%). The accuracy of the analytical methods was assessed through the Community Bureau of Reference (BCR) analysis of the soil sample.
Analyses of Sugarcane Juice and Bagasse
Sugarcane (var. ROC-22) was obtained from the local sugarcane field along the Huanjiang River and used in this experiment. We harvested 158 sugarcane plants in December when sugarcane matured. These sugarcane plants were uniformly mixed as one sample. Sugarcane samples were collected at the time of harvest with the aid of a stainless sharp knife. The cane stalks were rinsed with deionized water to remove dirt, then peeled, and cut to smaller sizes. The sugarcane juice was squeezed out into 500 mL plastic vials with the aid of a precleaned extractor and kept refrigerated until analysis. Sugarcane juice samples (5 mL) were digested by the addition of 15 mL of a mixture of concentrated HNO 3 (69%), H 2 SO 4 (98%), and HClO 4 (35%) (Merck, Darmstadt, Germany) in 5:1:1 ratio and were kept at 80 °C until a transparent solution was obtained. The digested samples were filtered through 0.45 μm membrane filters, and the filtrates were diluted to 50 mL with distilled and deionized water. The heavy metal concentrations in the sugarcane juice and bagasse samples were estimated through ICP-MS.
Results and Discussion
Heavy Metal Concentrations Variation
The concentrations of As, Pb, Cd, Cu, and Zn in the contaminated sugarcane soils before and after ecological remediation, as well as the soil background values of the heavy metals, are presented in Plants that accumulate low concentrations of trace metals in their harvestable biomass may offer a sustainable method for phytoremediation of metal contaminated sites from the contaminated soils or mineral ores. In this experiment, we selected absorption into accumulation ability might better sugarcane. In particular, the concentration of heavy metals, such as Pb and As, in edible parts of a plant should be below the maximum limits for heavy metals in foods, as specified in the Chinese National Standard (GB2762-2005). Sugarcane is advantageous because it is perennial, can be harvested over several years without replanting, and is strongly resistant to disease [13, 18] . The sugarcane soil contents of As, Pb, Cd, Cu, and Zn (mg/kg) after phytoremediation varied between 0.01 and 55.00, 14.00 and 795.00, 0.08 and 3.88, 12.00 and 42.00, and 12.00 and 1112.00, respectively, with corresponding average concentrations of 31.10, 360.10, 0.70, 19.20, and 324.80 mg/kg. The heavy metal concentration after sugarcane phytoremediation decreased compared with that of the untreated contaminated soils. The concentrations of As, Pb, Cd, Cu, and Zn declined to 1.82, 32.05, 0.33, 10.05, and 53.87 mg/kg, respectively. Sugarcane phytoremediation was effective in altering the heavy metal concentration, particularly in the 0-20 cm depth, where the amendments were incorporated. Significant changes in the heavy metal concentration were mainly found on the surface layer, where amendments were applied and roots grew. However, the solubility and bioavailability of trace elements can be more important in remediation studies than the total or pseudo-total concentrations of these elements in the contaminated sugarcane soil, because they represent the most labile fractions subject to leaching as well as uptake by plant and microorganisms [20, 21] .
Some plants can tolerate, remain, and survive in heavy-metal contaminated soils that are toxic for other plants. The tolerance of some species to high concentration of heavy metals may be attributed to some potential mechanisms at the cellular level [22] . Production of metallothionein (i.e., a family of cysteine-rich, low-molecular weight proteins) that bonds to metals may help plants tolerate toxic metals [22] . Thus, the concentrations of the trace elements in the experimental plot remained high despite the sugarcane phytoremediation operations. Differences in the pseudo-total trace element concentrations between treatments were not expected since trace elements cannot be degraded contrary to organic contaminants. Interactions within the soil matrix will ultimately determine whether the trace elements remain within the fraction by which they entered the soil, assuming that no redistribution of trace elements occurs during the sequential extraction.
Available Heavy Metal Forms Variation
A well-known BCR method of sequential extraction procedure was used to assess the relative mobility and distribution of the trace elements in soil [20, 21] . The available heavy metal forms in the contaminated sugarcane soil before and after phytoremediation are shown in Table 2 . The available concentrations of As, Pb, Cd, Cu, and Zn with sugarcane phytoremediation decreased compared with untreated contaminated soils. Generally, similar results of different available forms were obtained for As, Pb, Cd, Cu, and Zn in relation to the no certified values. The weak acid extraction fraction (F1), reducible fraction (F2), oxidizable fraction (F3), and residual fraction (F4) concentration of Cd trace element were 0.30, 0.27, 0.14, and 0.24, respectively. Special attention was also paid to F1 of the sequential extraction procedure, because it represents the most labile pool and may be considered for estimating the trace element bioavailability. After sugarcane remediation, the F1, F2, F3, and F4 concentrations of Cd were 0.28, 0.20, 0.10, and 0. 10 The sum of the extracted trace elements in the soil samples from the three steps plus the residual fraction was compared with the pseudo-total concentration of the trace elements from aqua-regia digestion in soil. The percentages of recovery varied between 92.23% and 107.64% for soil samples, which indicated precise experimental results. The three-step sequential extraction procedure was also applied topure amendment samples.
Different fractions of heavy metal in the soils have distinct availabilities [20, 21] . Several differences were found among the speciation distributions of the different heavy metals, and the percentages of the different heavy metal fractions in the sugarcane soils are shown in Fig. 1 . Fig. 1 The percentages of the different heavy metal fractions in the sugarcane soils are For As, the order of the different fractions of As before sugar remediation was F4 (79.66%) > F3 (11.31%) > F2 (4.51%) > F1 (4.51%). The order of different fractions of As after sugar remediation was F4 (81.48%) > F3 (12.82%) > F2 (4.26%) > F1 (1.43%). The sum of F1, F2, and F3 accounted for significant proportions in As before and after sugarcane remediation, with mean percentages of 20.34% and 18.8%, respectively. The F4 proportions of As before and after sugarcane remediation were 79.66% and 81.48%, respectively. The high F4 results of As indicated that the residual fraction of As is unlikely to be released and with no environmental risk. Nevertheless, a potential risk still exists because of the high total concentration of As. This phenomenon is probably related to the formation of Fe-As associations by co-precipitation after sulfide oxidation or to the role of metal oxides as the primary adsorption sites for As in most soils [23, 24] . However, none of these effects were observed, probably because of the insolubility of arsenopyrite or the rapid readsorption of soluble As by iron oxides [25] . Cu and Zn had similar fraction distributions in the three sampled soils. The sum of F1, F2, and F3 accounted for significant proportions in Cu and Zn before and after sugarcane remediation, with corresponding values of 26.72% and 33.48% before the treatment and 29.18% and 32.71% after the treatment. The corresponding F4 proportions in Cu and Zn element before sugarcane remediation were 73.28% and 66.56%, whereas those after phytoremediation were 70.82% and 67.29%, respectively. The total concentration of Cu was slightly above the background value for Guangxi. These results indicated that Cu and Zn pose persistent threat to the ecosystem and plants, which can be partly attributed to the formation of very stable complexes of Cu [19] . A positive correlation was found between Cu concentrations in this fraction and the total organic C element. The percentage of recovery for Cu in this fraction was higher than those of the other elements. Although most of the Cu from the spill entered the soil in the soluble phase in the form of sulfates, an important amount of Cu was also recovered in the residual fraction [26] . This mineral shows high resistance to weathering because of its encapsulation with silicate grains, thus avoiding dissolution processes [22, 26, 27] . The mean concentrations of Zn in F1 were much higher than those of other elements with similar pseudo-total concentrations to As and Pb. In fact, Zn is knownto be readily mobile relative to other metals [26] . No significant differences among treatments were found in the residual fraction.As a rule, the fractionation scheme showed that the trace elements studied were mainly associated with the residual pool, presumably because of the recovery of the metal sulfides from the mine spill within this fraction [22, 27] . For Pb and Cd element before and after sugarcane remediation, the sum of F1, F2, and F3 accounted for the corresponding significant proportions of 75.61% and72.17% prior to remediation and 74.74% and 85.29% after remediation. The F4 proportions in Pb and Cd before sugarcane remediation were 24.39% and 27.83%, respectively, and the corresponding values after remediation were 25.26% and 14.71%. The low F4 results of Pb and Cd indicated that the residual fraction of element is likely to be released and with high environmental risk. Pb and Cd are highly bioavailable and easily circulated in the food chain, thus threatening human health and environment. This fact indicated that other effective measures should be undertaken to decrease the pollution. Compared with As and Pb before sugarcane remediation, the sum of F1, F2, and F3 of As and Pb element decreased, contrary to the increase in F4 proportions. The sums of F1, F2, and F3 for Cd, Cu, and Zn increased, but F4 proportion decreased, after sugarcane remediation compared with those under no remediation. The distribution of Pb and Cd in the soil was clearly affected by the sugarcane phytoremediation. The recovery of Pb within this fraction was small. Pb is known to have low mobility, and thus it may have rapidly changed into less soluble forms. The distribution of Pb was very similar to that of Cd. Further redistribution of Pb and Cd within the soil matrix may have removed Pb and Cd to the residual pool. The residual fraction accounts for the most recalcitrant forms of metals with negligible mobility [20, 28] .
Heavy Metal Concentration Relationship Between Soil and Sugarcane
Sugarcane can be a phytoremediator species because of its outstanding biomass production. The different concentrations of trace metals in the sugarcane juice (Table 3) showed that all the studied metals accumulated in the sugarcane juice. The As concentration in sugarcane juice varied and ranged from 0.001 mg kg -1 to 0.012 mg kg -1 .
The mean concentration of As was 0.005 mg/kg. The standard of contaminant limit in food (GB2762-2005) does not mention the limit of As in sugar cane juice; thus, the limit of As in fruit (0.05 mg kg Cd concentrations in sugarcane juice were higher than this lower limit. The trace element concentrations in the sugarcane juice had the following ranking pattern: Zn>Cu>Cd >Pb>As. The present results showed the low trace metal concentration of sugarcane juice. The exceeding level of trace metals in the juice extract may also be caused by the direct wet and dry depositions of pollutants on soil and foliage, which can hardly be ignored as possible sources of the metals in the sugarcane plant juice and consequently sugar. The heavy metal concentration and qualified rate in the sugarcane bagasse are shown in Table 4 . . These values were all lower than the maximum level of contaminants in foods, according to the Chinese National Standard (GB13078-2001). The sugarcane was therefore considered safe because the levels of As, Pb, Cd, Cu, and Zn were below the maximum limits.
The heavy metal concentration of sugarcane was unaffected by the corresponding heavy metal concentration in the rhizosphere soil. The results from the correlation analysis between the heavy metal concentrations in the sugarcane and the rhizosphere soil are shown in Table 5 . Transfer factor (TF) describes the amount of an element expected to enter a plant from its substrate, under equilibrium conditions. This theory assumes a linear relationship between the concentrations of a certain element in the plant with that in the soil. An approach based on soil-plant transfer factor provides an uncomplicated and helpful method for assessing uptake of trace metals for the purposes of assessment and testing. To portray quantitatively the transfer of an element from soil to plant, the soil-plant Transfer Factor of Concentration Ratio that expresses the ratio of contaminant concentration in plant parts to concentration in dry soil is used [29, 30, 31, 32] . Transfer factor concept is the presence of a statistically significant relationship between the concentration of a given element in the soil and plant [33] . The TF was calculated as the ratio of the trace metal content in the plant or a part of plant to that in the soil. The TF values for As, Pb, Cd, Cu, and Zn in sugarcane plant are shown in Table 5 , which estimates the TF values of the different heavy metals from soil to sugarcane. The TF values varied greatly among the different trace metals. The TF values of As, Pb, Cd, Cu, and Zn in the sugarcane from contaminated soil were 0.18, 0.28, 0.25, 0.23, and 0.32, respectively. The lower TF value of As may have been caused by the weak absorption of nutrients by the plant roots that were damaged by As contamination [22, 23] . Higher TF values were found for Cu, Cd, Pb, and Zn from contaminated soil to sugarcane, because these metals are more portable in nature. The higher TF values for Cu, Cd, Pb, and Zn from soil to crop showed a strong accumulation of trace elements by sugarcane. Trace metals present in the soil are absorbed by plants to either sufficient or phytotoxic levels [26] . Internal concentrations of Cd and Zn were more influenced by the soil/environment than by the variety of sugarcane, while the distribution of metals in plant parts was quite consistent. Approximately 77% of Cd and 56% of Zn were contained in the stem [22] .
Low enrichment coefficients (ECs) of As, Pb, and Cu were found in the sugarcane. The EC is an important index for assessing the ability of plants to absorb heavy metals. This parameter is defined as the ratio of the heavy metal concentration in the sugarcane to the corresponding heavy metal concentration in the rhizosphere soil. The EC value of As was 0.13. Although sugarcane has a huge biomass, it cannot extract large amounts of heavy metals from the contaminated soil because of a low EC. High concentrations of Pb soil reduced the uptake of the sugarcane of most other nutrients because of the damaged root. Barzegar et al. reported that Cd accumulated in bagasse and Pb primarily accumulated in bagasse and molasses [34] . Consequently, the levels of these trace metals in sugarcane juice are lower at the uncontaminated site. The present results agree with those of previous studies.
The correlation coefficients (CC) between the heavy metal concentrations in the sugarcane and in the rhizosphere soil are shown in Table 5 . The CCs of As, Pb, Cd, Cu, and Zn were 0.998, 0.348, 0.483, 0.738, and 0.337, respectively. The heavy metal concentration of sugarcane did not correlate significantly with the corresponding concentration in the rhizosphere soil. This result indicated that the heavy metal concentration in the sugarcane depends on the enrichment ability of sugarcane.
Understanding the underlying mechanisms of soil-amendment-plant interactions is necessary for the successful reclamation of contaminated sugarcane soil. At present, very little information about natural phytoremediation experiments in sugarcane regions is available. Despite the high concentrations of As in the sugarcane soil, the sugarcane did not show high levels of these elements in their tissues. The As level greatly exceeded the normal values in soils and has no known function in plants. Nevertheless, the concentration of As in the sugarcane was only above the detection limit of the method. This finding can be related to the low availability of As in soils, which is even lower at more acid pH values. Furthermore, As has a comparatively low soil-plant transfer coefficient because of its low mobility in the soil. Pb did not reach phytotoxic levels in sugarcane. The concentrations in sugarcane were below the detection limit of the method used. The low concentrations of Pb found in most samples could be due to the low solubility of this element at pH levels above 4 or to the increased TOC content, which can bind Pb strongly [35, 36] . Moreover, translocation to shoots tends to be greatly limited, although sugarcane can accumulate Pb in their roots. Sugarcane can tolerate a relatively high concentration of Cd in soils. However, accumulation of large quantities of Cd in plant tissues may result in harmful effects on animals feeding on these plants. Therefore, Cd should be carefully monitored. The Cd concentration in sugarcane was only above the detection limit of the method. The Cd concentration of the contaminated soil decreased because of the adsorption by sugarcane. Thus, sugarcane-assisted remediation can be an effective measure in reducing Cd concentration. The concentrations of Cu and Zn in sugarcane were lower than the standard contaminant limit. The concentration of Cu and Zn were generally below the phytotoxic range for sugarcane. The Cu concentration in sugarcane was low. These results could be related to the presence of other cations, such as Zn, which could inhibit Cu adsorption at the root [22] . Concentrations of Zn in plants in the contaminated soil were higher than those of other trace elements. The utilization of a fraction at ion procedure may be a useful tool to assess the relative mobility and potential environmental hazard of trace elements in soil. This procedure may also provide useful information for future prediction of trace element mobilization. The establishment of sugarcane cover was effective in altering the soil pH, particularly in the 0-20 cm depth, where the remediation were incorporated.
Conclusion
Trace heavy metal concentration in sugarcane soil was highly influenced by the origin of the contamination. The sugarcane soil pollution worsened because this area was affected by the leakage and spills from Pb and Zn tailing dams that washed down the farmlands on both sides of the lower river during a flood event. The heavy metal concentration with phytoremediation decreased compared those in soils without sugarcane treatments. However, sugarcane farmland soils along the Huanjiang River still present high contamination. The extractability depends on the nature of the element, and hence diverse potential environmental risks were found. The low mobility of As was related to its total concentration in soil, whereas Cu and Zn exhibited the greatest potential for release and thus for transport to non-contaminated areas. The situation of Pb and Cd was intermediate. However, low concentrations of Cd in plants may have toxic effects for livestock; therefore, it may pose a greater hazard for the food chain. The heavy metal concentration in sugarcane juice and bagasse could meet the lower limit standard. The sugarcane phytoremediation of a plant cover was effective in changing heavy metal concentration where amendments were applied and where roots grew. Sugarcane phytoremediation reduces trace element availability and thus the risk of entry in the food chain. This technique is cheaper than other methods and is accepted by Chinese law. Sugarcane can modify the contaminated habitat and reduce trace elements mobility. Middle and long-term evolution of the low-accumulation heavy metal formed between sugarcane and trace elements is of utmost importance. Sugarcane phytoremediation proved to be a successful and reliable technique for large-scale remediation of a trace element-contaminated soil with minimum maintenance. However, monitoring contaminated soil and sugarcane is required to ensure trace element stabilization and evaluate the need for further applications.
